Six groups of six pregnant ewes each were inoculated with 170,000 or 1,700,000 tachyzoites of Neospora caninum on gestation day 65, 90, or 120. All ewes seroconverted, and none showed signs of illness other than abortion. Regardless of the inoculum dose, all ewes inoculated on gestation day 65 aborted; ewes inoculated on gestation day 90 aborted, gave birth to weak lambs, or gave birth to clinically normal lambs; and all ewes inoculated on gestation day 120 gave birth to clinically normal lambs. Using an immunohistological procedure that stains bradyzoites, we observed protozoal cysts in brains of 11 of 29 (38%) aborted fetuses, in one of four (25%) weak lambs, and in seven of 18 (39%) clinically normal lambs. Cysts were not observed in extraneural tissues from two clinically normal lambs that had cysts in the brain. No evidence of infection was observed in tissues of five ewes examined using an immunohistological procedure that stains N. caninum tachyzoites and bradyzoites. Multifocal nonsuppurative encephalitis was observed in 46 of 5 1 (90%) aborted, weak, or clinically normal lambs. Cerebral necrosis, dystrophic mineralization, and meningitis were also commonly identified in live and aborted lambs (even when severely autolyzed). Nonsuppurative, necrotizing placentitis was observed in 15 of 17 (88%) placentas. Nonsuppurative myositis was common in fetuses but not in live lambs. Inflammation occurred less frequently in liver and lung. Clinical and pathological features of neosporosis in sheep closely resemble those of bovine neosporosis and ovine toxoplasmosis. Although abortion caused by naturally occurring neosporosis in sheep has not been reported, diagnosticians should carefully distinguish between neosporosis and toxoplasmosis in cases of ovine protozoal abortion unless future investigations exclude the likelihood of naturally acquired neosporosis in sheep.
l u m bianus) . 37 Neosporosis has been induced in pregnant ~a t t l e ,~)~~ in goats,27 and in two sheep.'* Abortions or congenital infections occurred in each of these experiments. Fetal lesions of both natural6 and experimental neosporosis are very similar in all of these species, and these lesions also resemble those caused by toxoplasmosis in ~h e e p~~s~~ and goats.I4 tle around the ~0rld',2,3,lO,l2,23,26,30,31,35,36, 38 and is an im-In the present study, pregnant ewes were inoculated with Neospora caninum tachyzoites. The goals of the experiment were to investigate ovine neosporosis as a potential model of bovine neosporosis and to compare the lesions of ovine neosporosis with those of ovine toxoplasmosis.
Materials and Methods

Host cells and parasites
Vero cell cultures were maintained in RPMI 1640 medium supplemented with 10% horse serum. Cell monolayers were inoculated with N. caninum tachyzoites of NC-225 or NC-Liverpoo15 isolates (both isolates were obtained from naturally infected dogs). Cultured tachyzoites were harvested by mechanical disruption of the cell culture. The tachyzoites were enumerated using a hemocytometer prior to inoculation of ewes. 
Animals
Six-year-old Rambouillet-type ewes were obtained from a single ranch in Wyoming. Ewes were vaccinated twice, according to the manufacturer's directions, with a killed bacterin containing Campylobacter intestinalis subspecies fetus and jejuni and Chlamydia psittaci (Enzabort; Colorado Serum Company, Denver, CO). Ewes were bred with Brucella ovis-negative, white-faced rams that were fitted with marking harnesses to establish breeding dates. Pregnancies were confirmed using transabdominal ultrasound imaging. Pregnant ewes were randomly assigned into six groups of six ewes and were housed in open-face sheds. Attached pens were enclosed within 2.5-cm-diameter wire mesh to keep out birds, cats, and other animals. Mice were controlled with rodenticide bait.
Ewes were inoculated intravenously with an equal mixture of NC-2 and NC-Liverpool tachyzoites at a total dose of 1.7 x los or 1.7 x lo6 organisms, on either day 65, 90, or 120 of gestation. The normal gestation period in sheep is approximately 148 days. Pens were checked twice daily for abortions and births. In addition, three pregnant ewes were not inoculated with N. caninum to serve as controls. 
Tissue examination
Aborted fetuses underwent necropsy upon discovery, and the following tissue specimens were preserved in 10% neutral buffered formalin: brain, lung, liver, kidney, spleen, thymus, placenta, ventricular myocardium, and skeletal muscle of the tongue and diaphragm.
Ninety days post-inoculation (90 DPI), surviving lambs were euthanatized with sodium pentobarbital, necropsies were performed, and tissues were preserved as above, with the addition of specimens of eye and intestine. Five ewes were euthanatized and necropsies performed at this time, and tissue specimens were preserved as above, with the addition of samples of thigh muscle, eye, abomasum, intestine, mammary gland, uterus, and supramammary lymph node. Samples of brain of offspring from the control ewes were also collected and preserved in formalin.
Following fixation, tissue specimens were processed through graded alcohols and xylene, embedded in paraffin, sectioned 5 pm thick, and stained with hematoxylin and eosin (HE). To detect protozoal cysts, which occur in chronic infections, tissue sections of brains from all lambs and fetuses were stained using an immunohistochemical method employing BAG5 antiserum, which specifically stains bradyzoites and does not stain tachyzoite~.~~ Extraneural tissue specimens from two viable lambs with protozoal cysts in the brain were also stained using the BAG5 immunohistochemical procedure. Both neural and extraneural tissues from the five nec- ropsied ewes were stained using an immunohistochemical method employing monoclonal antibody 6G7, which stains both bradyzoites and tachyzoites of N. caninum.13
Serology
Serum samples were collected from four of the six groups of ewes on 0 DPl and again 3 and 6 weeks later. Antibody Vet Pathol 33:6, 1996 titers to N. caninum and Toxoplasma gondii were measured using indirect fluorescent antibody (IFA) methods.21 
Results
Clinical findings
Inoculation of pregnant ewes with N . caninum tachyzoites resulted in abortion, stillbirth, birth of weak lambs that were unable to rise and suckle, and birth of clinically normal lambs (Tables 1, 2). The outcome was largely dependent on the day of inoculation but was not affected by the inoculum dose. All ewes inoculated on the 65th day of gestation aborted, but all ewes inoculated on the 120th day gave birth to clinically normal lambs. Abortions did not occur earlier than 36 DPI, and the average time of abortion was 49 DPI. Most aborted fetuses were moderately to severely autolyzed, and fetuses were sometimes mummified ( Fig.  1 ). Excluding abortion, clinical signs of illness were not observed in inoculated ewes.
Histological and immunohistological findings
Characteristic histological lesions of neosporosis were identified even in macerated fetusesjFig. 2). The most frequently observed lesions are summarized in Table  3 . Encephalitis was common in both aborted fetuses and live-born lambs. Extraneural lesions were also common in fetuses but were uncommon in live-born lambs.
Encephalitis in aborted fetuses was characterized by mild to severe multifocal infiltration by cells resembling lymphocytes or microglia. Cellular infiltrates frequently surrounded necrotic foci (Fig. 3 ). Dystrophic mineralization was common ( Fig. 4) . When they could be identified, meninges were frequently expanded by focally extensive to diffuse infiltration by mononuclear cells. Lesions in clinically normal lambs were similar to those in fetuses, ranging from mild perivascular cuffing to moderate, multifocal, necrotizing encephalitis and meningitis (Figs. 5, 6) . In addition to lymphocytes or microglia, cellular infiltrates in post-natal lambs contained plasma cells and cells having large, hypochromatic nuclei with marginated chromatin (possibly reactive astrocytes, Fig. 7 ). Lesions were most frequently observed in the cerebral cortex, thalamus, midbrain, and medulla oblongata. Mild perivascular cuffing was common in the cervical spinal cord. Mild lesions were observed in only 6% of examined cerebellums, and no lesions were observed in the hippocampus.
Immunoperoxidase staining with BAG5 antiserum revealed sparsely scattered protozoal cysts in brains of 38% of aborted fetuses and 39% of clinically normal lambs (Fig. 8 ). Protozoal cysts were also occasionally observed in HE-stained sections of brain, within or adjacent to inflamed foci ( Fig. 9) . A degenerating cyst was observed in an inflamed focus in one clinically normal lamb (Fig. 10) .
Placentitis was characterized by mild to moderate, diffuse infiltration by mononuclear leukocytes in the chorioallantoic membrane; mild to severe infiltration within chorionic villi; moderate to severe, multifocal necrosis of maternal and trophoblastic epithelium; and dystrophic mineralization. Clusters of protozoal tachyzoites were observed in HE-stained sections in 12% of examined placentas (Fig. 11) .
Skeletal muscle of the tongue and diaphragm were frequently altered by mild to severe, multifocal to diffuse, nonsuppurative leukocytic infiltration and edema ( Fig. 12 ). Similar inflammation occurred infrequently in myocardium, although mild to moderate, focally extensive epicarditis and endocarditis were seen in about one-fifth of cases.
Interstitial infiltrates in the lung were infrequently observed and were accompanied by interlobular septa1 edema. No evidence of nephritis was observed, although kidneys were frequently autolyzed beyond interpretation. Lesions were not observed in the thymus, spleen, eye, or intestine.
Multiple extraneural tissues from two clinically normal lambs that had protozoal cysts in the brain were examined using the BAG5 immunoperoxidase procedure. Cysts were not observed outside the central nervous system (CNS). Multiple neural and extraneural tissues from five ewes were examined immunohistologically using the N. caninurn-specific monoclonal antibody 6G7. No evidence of infection was observed. Brains from offspring of the three ewes not inoculated with N . caninurn were similarly examined, but no organisms were observed.
Serological results
Antibody titers to N. caninurn and T. gondii were measured in sera from 24 ewes. All ewes were seronegative to N. caninurn on 0 DPI, and all seroconverted by 3 weeks (Table 4 ). Titers increased further between 3 and 6 weeks. Four ewes had 1 : 50 titers to T. gondii on 0 DPI, and the rest were seronegative. Vet Pathol 33:6, 1996 Fourteen ewes developed low antibody titers (median = 1 : 50) to T. gondii during the study.
Discussion
Abortion, stillbirth, birth of weak lambs, and birth of congenitally infected but clinically normal lambs resulted from inoculation of pregnant ewes with N.
caninurn. Each of these conditions also occurs in bovine neosporosis.* Mummified fetuses, which may occur in aborting cattle,28 also occurred in a small proportion of the sheep used in this study. Therefore, experimental neosporosis in sheep appears to be a good model of neosporosis in cattle.
The relative risk of abortion in sheep was closely linked to the age of the fetus when the dam was inoculated with N. caninum tachyzoites, but the inoculum dose was not important in this study. Apparently, 170,000 organisms exceeded the dose necessary for maximal effects (LDl00) in the 65-day-old fetus. All ewes that were inoculated on the 65th day of gestation aborted, and all that were inoculated on the 120th day of gestation gave birth to clinically normal lambs.
Histological lesions of experimentally induced neosporosis in sheep are similar or identical to those in both natural6 and experimentally i n d u~e d~~~~ neosporosis in cattle. The most characteristic lesions are multifocal, nonsuppurative, necrotizing encephalitis and nonsuppurative, necrotizing placentitis. Nonsuppurative inflammation of skeletal muscle and other organs is a common feature in bovine neosporosis6 and was also commonly observed in the sheep in this study. Lesions were not observed in ovine kidneys, although severe autolysis frequently prevented adequate examination. An unexpected finding was the severity of histological lesions in the CNS of clinically normal lambs.
The infection rate with N. caninum in fetal lambs was assumed to be loo%, as indicated by the occurrence of abortion or the presence of mild to severe histological lesions in every case. The specific reasons why abortion occurred in ewes inoculated on the 65th day of gestation and did not occur in ewes inoculated on the 120th day of gestation were not investigated.
Protozoal cysts were detected in 38% of aborted and 39% of clinically normal lambs, indicating that at least this proportion of lambs developed chronic infections.
Because it is possible that N. caninum could encyst in numbers too low to ensure consistent immunohisto- The finding of congenitally infected but clinically normal lambs raises the possibility of vertical propagation of N. caninum within a flock. In other words, congenitally infected ewe lambs retained for breeding could perhaps abort or give birth to infected offspring without environmental exposure to N. caninum during gestation. Degeneration of a tissue cyst was observed in the brain of a congenitally infected lamb (Fig. lo) , so it is also possible that lambs would eventually rid themselves of chronic congenital infections. Seroepidemiological observations in a cow dairy suggest that vertical propagation of Neospora infection occurs in cattle, although this finding was not associated with clinical disease. * I Protozoal cysts were not observed outside the CNS in congenitally infected lambs. No evidence of infection could be found in the brain or extraneural tissues of ewes. Again, these findings parallel current knowledge of neosporosis in cattle.
Experimentally induced ovine neosporosis bears a striking resemblance to ovine t o x o p l a~m o s i s ,~~~~~ both in the clinical disease and in the lesions that result. Because of this, there is the potential that natural cases of abortion due to ovine neosporosis, which have never been reported, could easily be mistaken for toxoplasmosis. Unless future investigations exclude the likelihood of ovine abortion due to naturally occurring neosporosis, diagnosticians should carefully distinguish between neosporosis and toxoplasmosis in cases of protozoal-induced abortion in sheep. Although a preliminary survey of aborted lambs in Great Britain has not identified neosporosis (D. Buxton, personal communication), congenital neosporosis was discovered in a lamb in A~s t r a l i a , '~ and abortion due to both neosporosis and toxoplasmosis occurs in goat^.^,'^ Both neosporosis and toxoplasmosis cause similar histological lesions in brain, placenta, and striated muscle. Differences in the two diseases are subtle and may be difficult to detect. In toxoplasmosis, fetal livers may contain multifocal granulomas, I 6 but this lesion was not observed in experimentally induced neosporosis. Tissue cysts of T. gondii may occur in myocardium and other extraneural tissues, but N. caninum tissue cysts have never been found outside the CNS in ruminants. Nevertheless, clusters of N. caninum tachyzoites can occur in most tissues and can easily be mistaken for T. gondii cysts, which have a thin capsule that is not easily observed. Neospora caninum cysts frequently have a capsule that is visible thicker than that of T. gondii, although there is some overlap in cyst wall thickness between the two species,33 and immature cysts may not have thick capsules. As a result, histopathologists may be able to exclude T. gondii on $ Antibody titers were significantly increased (Mann-Whitney Utest) from day 0 to week 3 (P < 0.001) and again from week 3 to week 6 (P < 0.001).
tigen.
the basis of observation of cysts in the brain that clearly have thick capsules, but N. caninum should not be excluded because of the lack of such a finding. No cysts are observed in many clinical cases of toxoplasmosis and neosporosis.
Ultrastructural differences between N. caninum and T. gondii are and may not always be reliable diagnostic aids in clinical specimens. Immunohistological examination of affected tissues may be used to distinguish between the two organisms, but care should be taken to ensure that the antibody reagents used are truly species-specific at the dilution used. Neospora caninum and T. gondii share antigenic determinant^,^^ and we have found that some N. caninum antisera and some T. gondii monoclonal antibodies, supposedly specific for the respective organisms, can cross-react (unpublished data) depending on the product and the dilution used.
Serological examination may be a reliable method for distinguishing between toxoplasmosis and neosporosis in aborting sheep. Aborting ewes should develop high antibody titers to T. gondii during acute toxoplasmosis. Low titers are not diagnostic and may occur as a result of previous exposure. Many of the ewes in the present study developed low antibody titers to T. gondii following exposure to N. caninum, which was interpreted to represent cross-reaction that may occur with the IFA test at low serum dilutions. Near the time of abortion (42 DPI), antibody titers to N. caninum were 2 1 : 1600.
